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Abstract
We have addressed the control of longitudinal axon pathfinding in the developing hindbrain, including the caudal projections of reticular
and raphe neurons. To test potential sources of guidance signals, we assessed axon outgrowth from embryonic rat hindbrain explants
cultured in collagen gels at a distance from explants of midbrain–hindbrain boundary (isthmus), caudal hindbrain, or cervical spinal cord.
Our results showed that the isthmus inhibited caudally directed axon outgrowth by 80% relative to controls, whereas rostrally directed axon
outgrowth was unaffected. Moreover, caudal hindbrain or cervical spinal cord explants did not inhibit caudal axons. Immunohistochemistry
for reticular and raphe neuronal markers indicated that the caudal, but not the rostral projections of these neuronal subpopulations were
inhibited by isthmic explants. Companion studies in chick embryos showed that, when the hindbrain was surgically separated from the
isthmus, caudal reticulospinal axon projections failed to form and that descending pioneer axons of the medial longitudinal fasciculus (MLF)
play an important role in the caudal reticulospinal projection. Taken together, these results suggest that diffusible chemorepellent or
nonpermissive signals from the isthmus and substrate-anchored signals on the pioneer MLF axons are involved in the caudal direction of
reticulospinal projections and might influence other longitudinal axon projections in the brainstem.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
During the early development of the vertebrate neural tube,
the first axonal tracts are established in a stereotypical manner,
following either circumferential or longitudinal pathways.
Combinations of these two basic types of projection set up an
axon “scaffold,” which subsequently gives rise to the more
complex pathways observed in later neural development. In the
spinal cord and brainstem, several guidance cues have been
implicated in the control of circumferential pathfinding deci-
sions (Mueller, 1999; Tessier-Lavigne and Goodman, 1996;
Varela-Echavarria and Guthrie, 1997), while the systems con-
trolling axon growth along longitudinal routes have remained
more elusive. Axon projections in the hindbrain offer a suitable
model for the study of longitudinal axon guidance; ascending
or descending longitudinal projections originate from ipsilat-
eral or contralateral neurons which follow medial or lateral
longitudinal tracts (Fig. 1A) (Clarke and Lumsden, 1993).
Neurons of the reticular formation give rise to a number of
projections, including a reticulospinal pathway originating in
reticulospinal neurons, which either joins the ipsilateral medial
longitudinal fasciculus (MLF) or extends across the floor plate
to join the contralateral MLF (Auclair et al., 1999; Glover and
Petursdottir, 1988; Parent, 1996). In both chick and rodent
embryos, reticulospinal neurons are organized in longitudinal
columns with particular nuclei located at specific axial levels
(Auclair et al., 1999; Glover and Petursdottir, 1988). Two
columns are present in the medulla (rhombomeres r6–r8), one
projecting ipsilaterally and the other projecting contralaterally.
* Corresponding author. Fax: 52-442-238-1038.
E-mail address: varela@calli.inb.unam.mx (A. Varela-Echavarrı´a).
R
Available online at www.sciencedirect.com
Developmental Biology 255 (2003) 99–112 www.elsevier.com/locate/ydbio
0012-1606/03/$ – see front matter © 2003 Elsevier Science (USA). All rights reserved.
doi:10.1016/S0012-1606(02)00033-7
The ipsilateral column continues into the pons (r1–r5) while
the contralateral one is interrupted at the level of r5. Other
neuronal types which follow longitudinal pathways in the de-
veloping hindbrain are the serotonergic and the adrenergic
neurons. The serotonergic neurons that develop in the rostral
hindbrain give rise to the caudal linear nucleus, the dorsal
raphe nucleus, the median raphe nucleus, and the B9 group of
Dahstro¨m and Fuxe (Aitken and Tork, 1988; Dalhstro¨m and
Fuxe, 1964). Although the main projections of these nuclei are
ascending, the dorsal and the median raphe nuclei also have
clearly defined descending projections in the adult rat (Vertes
et al., 1999). The caudal serotonergic nuclei, in contrast, have
predominantly caudal projections (Parent, 1996). The phe-
nylethanolamine-N-methyltransferase (PNMT)-positive neu-
rons which develop in the rostral hindbrain are likely to give
rise to the adrenergic centers in the pons, which have both
rostral and caudal projections (Shimada et al., 1998).
Early experiments on the developing amphibian hind-
brain indicated that the direction of growth of axons of
the reticulospinal, Mauthner neurons is influenced by the
longitudinal polarity of the neural tube. Mauthner neu-
rons contained in hindbrain grafts that were reversed
along their rostrocaudal axis initially projected in an
ascending pathway according to the original polarity of
the graft. Most of them, however, eventually turned cau-
dally to follow the normal projection according to the
polarity of the host neural tube (Hibbard, 1965). The
source of such axon guidance information is unclear, but
Fig. 1. General types of descending projections from the hindbrain and a culture system for their study. (A) Two main types of projections representative
of r2–r4 are shown on a diagram of a flat-mounted brainstem. Ipsilaterally and contralaterally projecting neurons that follow a medial tract, the medial
longitudinal fasciculus (MLF), are shown in black. Ipsilaterally and contralaterally projecting neurons that follow a lateral pathway, the lateral longitudinal
tract (LLT), are shown in white. Reticulospinal neurons follow the MLF en route to spinal targets as indicated by the black neurons (Glover and Petursdottir,
1991). Ascending projections are not shown. All neuronal populations are symmetrical, but each one is shown here on only one side of the hindbrain for
simplicity. Figure adapted from Clarke and Lumsden, 1993. The diagram also shows the origin of the r2-r3 and isthmic explants employed for culture in
collagen gels to study longitudinal axon projection. The black arrowhead shows the point in the r4–r5 boundary where the fluorescent tracer DiI was applied
to the MLF for the retrograde labeling of r2-r3 neurons with caudal projection. A diagram of an r2–r3 explant (B) and a similar explant cocultured with an
explant from the isthmus (C) are shown. The crossed dashed lines in (B) illustrate the way in which the crosshair graticule was placed to divide the explant
into four quadrants. The rostral and the caudal outgrowths are indicated on the rostral and the caudal edges of the explant, respectively. Mb, midbrain; I,
isthmus; r1–r6, rhombomeres 1–6; fp, floor plate.
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Fig. 2. Axon outgrowth from DiI-labeled explants. (A) Axon outgrowth from the caudal edge of an r2–r3 explant containing caudally projecting neurons that
were labeled retrogradely with DiI prior to culture. (B) Axon outgrowth from the caudal edge of a DiI-labeled r2–r3 explant cocultured with an explant from
the isthmus. (C) Effect of the isthmic explants on the caudal outgrowth of DiI-labeled neurites. Ca-DiI, DiI-labeled control cultures (n  15); Ca-DiI/I,
DiI-labeled explants cultured with isthmic explants (n  14). Scale bar, 200 m.
might reside in local patterning information, in preexist-
ing pioneer tracts, or in a few discrete organizing centers
at distinct positions along the neuraxis, producing long-
range, diffusible guidance cues. The latter idea is partic-
ularly appealing since one organizing center, the floor
plate, has been shown to have both patterning and axon
guidance influences across the dorsoventral axis of the
neural tube (Tanabe and Jessell, 1996; Tessier-Lavigne
and Goodman, 1996). Other organizing centers that pat-
tern the rostrocaudal axis include the midbrain-hindbrain
boundary, or isthmus, a forebrain patterning region
(Houart et al., 1998; Lumsden and Krumlauf, 1996;
Rubenstein et al., 1998), and possibly the zona limitans
intrathalamica (Larsen et al., 2001; Zeltser et al., 2001).
The possible role of these regions in influencing axon
projections has not been investigated, however. In this
study, we have examined a possible axon guidance role
of the isthmus, which has been shown in numerous stud-
ies to act as an organizer in the patterning and differen-
tiation of the midbrain, cerebellum, and rostral hindbrain
(Irving and Mason, 2000; Lee et al., 1997; Martinez et
al., 1999; Wassarman et al., 1997). We also investigated
whether descending MLF axons that originate in the
midbrain might provide guidance information. Using
both in vitro and in vivo approaches, we found that the
isthmus is a source of diffusible signals that influence the
growth of specific populations of caudally projecting
hindbrain axons, including those of reticulospinal and
raphe neurons, and that the descending MLF axons from
the midbrain play a critical role in reticulospinal caudal
projection. These findings implicate the isthmus as an
axon growth organizer by producing guidance or inhibi-
tory molecules or activating guidance systems that gov-
ern descending projections from the rostral rhom-
bomeres. Our results also indicate that the MLF acts as a
pioneer tract for descending brainstem projections.
Materials and methods
Animals
For in vitro assays, E14.5 Wistar rat embryos were used;
the day of detection of the vaginal plug was defined as day
0.5. White Leghorn chick embryos were incubated to the
desired Hamburger and Hamilton (HH) stage (Hamburger
and Hamilton, 1951) for fluorescent dextran labeling, in ovo
surgery, or in situ hybridization.
Fig. 3. The isthmus inhibits caudal outgrowth of longitudinally projecting hindbrain axons. Explants from the rostral hindbrain (r2-r3) were cultured in
collagen gels alone (A) or adjacent to explants from the isthmus (B). The results from several experiments with control cultures and cocultures are shown
in (C) (Ca, caudal edge cultured alone, n  46; Ca/I, caudal edge cocultured with isthmus, n  41), (D) (Ro, rostral edge alone, n  22; Ro/I, rostral edge
with isthmus, n  22), and (E) (Ca, caudal edge alone, n  14; Ca/r8, caudal edge with r8 explants, n  7; Ca/CNe, caudal edge with cervical
neuroepithelium, n  14).
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Collagen gel cultures
Explants of E14.5 rat embryo brainstem were dissected
free of mesenchyme and cultured for 48 h in collagen gels
as previously described (Varela-Echavarria et al., 1997).
The region used for the test explant (containing hindbrain
longitudinally projecting neurons) was rhombomere 2 (r2)
and r3 (Fig. 1). The rostral end of each explant was labeled
with carmine powder by using a tungsten needle prior to
dissection. These explants were cultured 200–500 m away
from explants of isthmus (containing caudal midbrain and
rostral r1; Fig. 1A and C), rhombomere 8, or cervical neu-
roepithelium. After the culture period, gels were observed
under phase contrast and then fixed in 4.5% paraformalde-
hyde in PBS for immunostaining. Axon counts of unstained
explants were scored blind under phase contrast as follows.
A graticule with crosshairs was placed such that its axes ran
diagonally to the explant borders (Fig. 1B). Axons extend-
ing from the explant were then drawn with a camera lucida,
and the total number of axons or axon fascicles extending
from the rostral or caudal quadrants were counted. The
mean outgrowth from rostral and caudal quadrants was then
determined for each culture condition, and statistical com-
parisons (P  0.05 level) were made by using the Student’s
t test.
Some r2–r3 explants were labeled retrogradely with DiI
before culture (see below). These cultures were analyzed by
using confocal microscopy assembling images obtained at
5–10 m z-intervals into a single image. Axon counts were
determined as described above.
To determine the angle of axon growth from cultured
explants, camera lucida drawings of the outgrowth from
caudal explant borders were made by using phase contrast
microscopy. Digital images of the drawings were imported
Fig. 4. The isthmus deflects caudal outgrowth from hindbrain explants (A–E). Hindbrain explants (r2-r3) were cultured alone (A) or with an isthmic explant
placed to one side and perpendicular to the caudal edge of r3 (to the right of the explant in B). In this configuration, the r3 edge was not confronted with
the isthmus and one side (right) was closer to its influence than the contralateral one (left). The angles () of all the axons growing from the left half of the
r3 edge in both control cultures and cocultures were measured, and their average was calculated as shown in (C) and (D), which correspond to control and
cocultures, respectively. In (E), control n  12 and coculture n  12. The isthmus does not have a negative effect on the survival of reticulospinal neurons
(F–H). Reticulospinal neurons were labeled retrogradely from the MLF in r5 with rhodamine–dextran. Following the labeling, r2-r3 explants were obtained
and cultured in collagen alone or adjacent to isthmic explants as shown in Fig. 1. After 48 h of culture, confocal images were obtained and the total number
of labeled cell bodies were counted in each explant. (F) A control explant. (G) A coculture with isthmus. In (H), control n  9 and coculture n  9. Scale
bars, 250 m. Bar in (A) applies also to (B). Bar in (F) applies also to (G).
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into a graphics program, and straight lines were drawn on
top of each axon or axon bundle since most of them had
straight pathways. In the case of axons that did not grow in
a straight line, a line was drawn that best fit the distal third
of the axon. The angle of each line was digitally measured
relative to the caudal explant border. Axons were grouped
into two categories, those growing on either side of the
explant floor plate. A mean angle of growth was then de-
termined for each category. Statistical comparisons of the
average angle of growth were made by using the Student’s
t test (P  0.05).
Antibodies and immunostaining
After culture, collagen gels were fixed in 4.5% parafor-
maldehyde and immunostained as previously described
(Varela-Echavarria et al., 1997) with antibodies against the
following proteins: tryptophan hydroxylase (AB15567,
1:50; Chemicon International Inc., Temecula, CA), phe-
nylethanolamine-N-methyltransferase (PNMT) (AB110,
1:100; Chemicon International Inc.), glutamic acid decar-
boxylase (GAD) (AHP360, 1:2000; Serotec, Raleigh, NC),
substance P (AB1566, 1:5000; Chemicon International
Inc.), and the appropriate secondary antibodies coupled to
horseradish peroxidase (1:1000, goat anti-mouse and goat
anti-rabbit; Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA). Color developing was performed with
diaminobenzidine. Axons were counted as described for
unstained cultures in the previous paragraph. The polarity of
control r2–r3 explants cultured alone was marked by mak-
ing cuts at the rostral edge of each gel.
In ovo operations in chick embryos
In ovo microsurgery of stage 12 chick embryos was
performed by making a window in the eggshell with curved
scissors and injecting 10% china ink in PBS (Pelikan) into
the yolk underneath the embryo to visualize it. Surgeries
involved either cutting transversely across the hindbrain at
the r1–r2 boundary, to separate the isthmus from the re-
maining hindbrain, or sectioning completely across the mid-
brain at rostral or caudal levels (see Fig. 7A). In each case,
a small strip of tissue was removed in order to ensure that
the two edges of the neuroepithelium did not heal together.
After the surgery, a few drops of Howard’s ringer solution
containing penicillin–streptomycin (Life Technologies,
Rockville, MD) at a 1:50 dilution were dispensed on top of
the embryo, and the piece of eggshell removed was placed
back on the window, sealing it with cellophane adhesive
tape. This was followed by incubation for 2 days in a
humidified incubator at 39°C, after which time the embryos
reached stages 19–22. Only those embryos with normal
appearance after the 2-day incubation period were further
analyzed. Embryos were then used for retrograde labeling of
motor or reticulospinal neurons, in situ hybridization, or
GAD immunostaining. Labeled reticulospinal cells in each
half of rhombomeres 2, 3, and 4 were counted under a
fluorescent microsope, and statistical comparisons (P 
0.05 level) were made by using the Student’s t test.
Retrograde labeling with fluorescent dyes
DiI labeling of caudally projecting rat hindbrain neurons
was performed by pinning E14.5 rat embryos ventral side up
in silicon gel immersed in Ringer solution, exposing the
hindbrain, and sectioning its ventral aspect (approximately
at r4–r5 boundary) with a tungsten needle followed by local
application of 1 l of DiI solution (0.5% in DMSO; Mo-
lecular Probes, Inc., Eugene, OR). After incubation of the
whole dish at 37°C in a 5% CO2 incubator for 2 h, neuro-
epithelial explants (r2–r3) were obtained and cultured in
collagen gels as described above. For labeling with rhodam-
ine-conjugated dextran (10,000 M.W; Molecular Probes,
Inc.), embryos were pinned down as above and a crystal
attached to the tip of a minutien pin was applied to the MLF
in r5. Embryos were incubated for 3 h at 30°C in a Ringer
solution bubbled with 95% O2 and 5% CO2 (Auclair et al.,
1999). After this incubation period, r2– r3 explants were
obtained and used for culture in collagen gels in the pres-
ence or absence of the isthmus. Following 48 h of culture,
confocal optical sections at 10-m z intervals spanning the
whole thickness of the explant were obtained and projected
onto a single image, and the number of labeled cell bodies
was counted. The mean number of labeled cells per explant
from control cultures and cocultures with ishtmus was then
determined, and statistical comparisons (P  0.05 level)
were made by using the Student’s t test.
Retrograde labeling of chick hindbrain reticulospinal
neurons was performed as previously described (Varela-
Echavarria et al., 1996), using FITC and Rhodamine-con-
jugated dextran. Dextran labeling of reticulospinal neurons
was performed on chick embryos which were pinned down
ventral side up in D-MEM medium by transecting the MLF
bilaterally at r6–r7 levels and applying tracer to the cut
neuroepithelial edge using fine forceps. Labeling of trigem-
inal motor neurons was done by using the same procedure
applying the fluorescent tracer to the proximally transected
trigeminal ganglion. Following labeling, the embryos were
incubated for 2 h in the same medium at 37°C in a 5% CO2
atmosphere and fixed in 4.5% paraformaldehyde. This la-
beling method was used to visualize reticulospinal and tri-
geminal motor neurons in chick embryos following in ovo
surgery.
Probes and in situ hybridization
Chick embryos were fixed and in situ hybridized as
described (Varela-Echavarria et al., 1996) using probes for
Lhx-1, Lhx-3, and Islet-1 (Tsuchida et al., 1994) (kind gift of
Dr. S.L. Pfaff).
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Results
The isthmus has a diffusible activity which inhibits the
outgrowth of caudally projecting hindbrain axons
In order to test whether diffusible cues control caudal
axon projections in the rat developing brainstem, we cul-
tured bilateral r2–r3 hindbrain explants from E14.5 rat em-
bryos in a collagen matrix which is permissive for axon
growth. To keep track of the polarity of the explants, their
rostral edges were labeled with carmine powder. When such
explants were cultured alone for 48 h, we observed abun-
dant outgrowth extending from all four sides of the explants.
Based on their normal trajectory in vivo, r2–r3 reticulospi-
nal axons should extend from the caudal r3 explant border
on either side of the floor plate (included in our explants).
To test this idea, caudally projecting r2–r3 neurons were
labeled retrogradely from the MLF at the r4–r5 boundary in
intact rat embryos by using the lipophilic tracer DiI (Fig.
1A). Applying the dye at the r4–r5 boundary ensured the
labeling within r2–r3 of only those neurons with a caudal
longitudinal projection. Embryos were incubated until the
dye traveled into r3, at which time r2–r3 explants were
obtained and cultured in a collagen gel. At the end of the
culture period, the neurons thus labeled projected exclu-
sively from the caudal explant border, although labeled
neurites constituted only about one-tenth of the total caudal
outgrowth (Fig. 2A). This is not surprising since DiI-labeled
axons are by definition regenerating, while a number of
other axons will grow de novo from the explants. In a small
number of cases, a few labeled neurites projected from
rostral explant borders, which could correspond to the ros-
tral branch of bifurcating axons labeled from their caudal
branch. This result supports the idea that axons which ex-
tend caudally in vivo also do so in vitro and indicates that
the r2–r3 explants retain their rostrocaudal polarity; it also
seems likely that rostrally projecting neurons maintain their
normal pathways, although we did not test this directly.
Quantitation of the total number of unlabeled axons or axon
bundles showed that, in these control explants, cultured
alone, there were approximately equal numbers of axons
growing from the rostral and caudal explant borders (Fig.
3C and D).
Regions of the neuroepithelium that might produce guid-
ance cues for the longitudinally projecting hindbrain neu-
rons in our explants include those rostral to r2 or caudal to
r3. We tested the effect of juxtaposing r8 or cervical spinal
cord explants with r2–r3 explants on caudally projecting
neurons and observed no change in the numbers of axons
relative to controls, reflecting neither an inhibitory effect or
a growth-enhancing activity (Fig. 3E). We tested the poten-
tial role of the midbrain–hindbrain boundary or isthmus as
a source of axon guidance cues, by coculturing isthmic
explants adjacent to the caudal border of an r2–r3 explant,
which had been labeled with DiI as described above. In
these experiments, axon outgrowth from caudal explant
borders was drastically inhibited relative to controls (Fig.
2), and quantitation of the labeled axons showed that this
result was significant. Similar quantitation on unlabeled
explants revealed that the isthmus caused an 80% inhibition
of caudal outgrowth (Fig. 3A–C). This suggests that the
isthmic region could be a source of diffusible inhibitory or
repulsive cues for caudally directed hindbrain axons in vivo,
although an indirect effect by the activation by the diffusible
signal of other guidance systems could also be invoked to
explain these results.
Fig. 5. The isthmus inhibits the caudal outgrowth of specific hindbrain neuronal populations. Hindbrain explants (r2–r3) were cultured alone or with explants
from the isthmus adjacent to their caudal or rostral edge followed by immunostaining with antibodies for tryptophan hydroxylase (TrpH), sustance P (sP),
phenylethanolamine-N-methyltransferase (PNMT), and glutamic acid decarboxylase (GAD). (A–D) The caudal outgrowth from the r3 edge of explants
cultured alone. (E–H) The caudal outgrowth of explants cultured with isthmic explants. Scale bar, 250 m.
105H.L. Herna´ndez-Montiel et al. / Developmental Biology 255 (2003) 99–112
To test the specificity of the isthmic inhibition on the
caudal outgrowth, similar cultures were done in which the
rostral explant border was placed adjacent to the isthmic
explants. Since the outgrowth from this r2 edge would be
expected to correspond with axons which grow toward the
isthmus in vivo, no inhibition would be expected in this
culture configuration. Nevertheless, a slight, nonsignificant
reduction in the rostral axon outgrowth was observed (Fig.
3D). This inhibition, which was studied no further, may
correspond to a small number of caudally projecting neu-
rons from rostral r2 which project into the gel rostrally when
the continuity with r1 and the isthmus is interrupted. Thus,
the isthmus did not inhibit rostral outgrowth significantly,
indicating specificity for the caudal axon outgrowth and
implying that the isthmus might be responsible for orienting
the caudal longitudinal axon projections via an inhibitory or
chemorepulsive mechanism. It may be noted that, by quan-
titating effects on caudal outgrowth, we are documenting
effects of the isthmus on reticulospinal axons which may
have already made the choice to grow caudally in response
to preexisting isthmic signals or other cues. Thus, we have
revealed the ability of axons to reiterate their pathfinding
behavior in vitro.
A repulsive activity might also be expected to cause a
change in the direction of growth of caudal axons in addi-
tion to the inhibitory effect described. To distinguish be-
tween these two possibilities, cultures were done in which
the isthmic explant was placed to one side and perpendic-
ular to the caudal edge of the r2–r3 explant. In this config-
uration, the r3 caudal edge was not facing the isthmus and
one side was closer to its influence than the contralateral
one. In such cultures, the growth on the side closest to the
isthmus showed a reduced outgrowth compared with the
side away from it (Fig. 4B). For this reason, the average
angle of caudal growth (relative to the caudal explant bor-
der) was then determined for the contralateral side of the
explant and compared with the equivalent measurement of a
randomly selected side in control explants cultured alone.
The average angle of growth in control explants was found
to be 68°, while in cultures with the isthmus, it was found
to be significantly different at 111°, indicating a change in
the direction of growth away from the isthmus (Fig. 4A–E).
Although we did not measure growth cone turning in these
assays, this evidence suggests that the midbrain–hindbrain
region might secrete chemorepulsive molecules that could
be involved in descending projections from the hindbrain.
This activity may be the same activity that causes inhibition
of caudal growth when the r3 edge is confronted with the
isthmus in culture. In our cultures, the isthmic effect was
more easily quantitated with the culture configuration that
caused inhibition of growth. For this reason, we continued
our studies with this configuration.
Experiments were also done to rule out the possibility of
negative effects of the isthmus on reticulospinal neuron
survival in the r2–r3 explants. Reticulospinal neurons from
E14.5 rat embryos were labeled from the MLF (bilaterally)
at r5 level with rhodamine–dextran for 3 h. At the end of
this period, the dye had been transported as far as the
isthmic region, indicating that labeling at r2–r3 was com-
plete. The r2–r3 explants were then obtained and cultured in
collagen gels alone or with the isthmus adjacent to their r3
edge. After the incubation period, the total number of la-
beled cell bodies within the explants was counted blind. Fig.
4F shows a low-magnification view of a control explant
cultured alone in which the cell bodies can be seen predom-
inantly in two columns adjacent to the floor plate. If the
isthmus had a negative effect on reticulospinal neuron sur-
vival, a smaller number of labeled cells would be expected
in the coculture with isthmus (Fig. 4G) than in the culture of
r2 alone. No significant difference was found between the
average number of cells in cocultures and cultures of r2–r3
alone (Fig. 4H). This indicates that the isthmus does not
have a negative effect on reticulospinal neuron survival and
supports the view that the effects observed in the previous
experiments are directly on axonal growth. It should be
noted that the use of rhodamine–dextran did not allow the
visualization of axonal processes after culture, since, within
a few hours of incubation, a particulate distribution of the
dye in the axons was observed and later it only remained in
the cell bodies. This contrasts with the results obtained with
DiI under similar culture conditions in which axonal pro-
cesses were still detected after the 48-h culture period.
Outgrowth of specific populations of hindbrain neurites is
inhibited by isthmic explants
In the experiments on caudal outgrowth, the total axon
outgrowth was quantitated, perhaps conflating differential
responses by specific neuronal populations. We therefore
conducted similar culture experiments followed by immu-
nostaining with antibodies which label several neuronal
populations. Antibodies for tryptophan hydroxylase (TrpH)
and substance P were used to identify subpopulations of
raphe neurons (Parent, 1996), anti-phenylethanolamine-N-
methyltransferase (PNMT) was used for adrenergic neu-
rons, and anti-glutamate decarboxylase (GAD) for
GABAergic neurons which form part of the raphe or retic-
ular system (Parent, 1996). In collagen cocultures, the cau-
dal outgrowth of TrpH-, substance P-, and GAD-positive
axons was inhibited by isthmic explants, while PNMT-
positive axon outgrowth was not inhibited significantly
(Figs. 5 and 6A). The rostral outgrowth of all four types of
neurites was largely refractory to the effect of the isthmus
(Fig. 6B). Taken together, these data suggest that the isth-
mus inhibits the growth of caudally projecting reticular and
raphe neurons, but not those of adrenergic neurons. Thus,
the effect of the isthmus is specific to some neuronal sub-
populations, based on their anatomical projection pattern
and neurotransmitter phenotype.
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Caudally projecting hindbrain axons project aberrant in
the absence of isthmic signals
Our results indicate that the isthmus secretes molecules
that inhibit the outgrowth of caudally projecting brainstem
neurons in vitro. To determine whether the isthmus is re-
quired for the correct caudal projection of reticulospinal
axons, we attempted to remove the isthmic influence by
microsurgery on chick embryos in ovo. To prevent the
diffusion of molecules from the isthmus to the rostral hind-
brain, the neural tube of stage 12 embryos was sectioned
completely at the r1–r2 boundary and a small strip of tissue
was removed (r1-2-cut, Fig. 7A). It should be noted that this
stage (HH12) corresponds with a time before the first re-
ticulospinal neurons become postmitotic (HH14; Lumsden
and Keynes, 1989). Thus, this operation separated the isth-
mic region from the hindbrain (from r2 caudally) at a stage
when the reticulospinal projection has not begun. Control
operations were performed by sectioning transversely the
midbrain near its rostral end (rMb-cut, Fig. 7A). After the
operations, the embryos were incubated to stage 19–22, and
inspection showed that the cut ends had healed over sepa-
rately, resulting in complete discontinuity between the two
regions of the neuroepithelium. When the MLF was labeled
at the level of the r6–r7 boundary in control and operated
embryos, reticulospinal neurons were labeled in control
embryos throughout the hindbrain and were particularly
localized to rostral and bulbar levels, as previously de-
scribed (Fig. 7A and B). (Auclair et al., 1999; Glover and
Petursdottir, 1988). The MLF was labeled and could be
observed flanking the floor plate, while the cell bodies of
labeled reticulospinal neurons were aligned transversely rel-
ative to the long axis of the neural tube. In most of the r1–r2
transected embryos, however, such labeling failed to reveal
reticulospinal neurons in r2 and r3, although the rhombo-
meric structure had a normal appearance (Fig. 7C and F). In
r4, the number of labeled neurons was reduced by approx-
imately 70%, and their long axis showed a random orien-
tation (box in Fig. 7C, and Fig. 7D and F). Reticulospinal
neurons were often labeled within r5 and r6 and projected
normally. These results suggest that, in the absence of the
isthmic influence, rostral hindbrain reticulospinal neurons
fail to project caudally, while more caudal neurons can still
pursue their normal pathway.
Two factors complicate this simple interpretation; it is
possible that removal of the isthmic influence might cause
the failure of reticulospinal projections secondarily, due to
changes in neuronal patterning and differentiation at the
r2–r4 level, or to changes in the growth and guidance of
Fig. 6. The isthmus inhibits the outgrowth of hindbrain specific neuronal populations. (A) Effect of the isthmus on the caudal outgrowth of hindbrain neurites
positive for tryptophan hydroxylase (TrpH), substance P (sP), phenylethanolamine-N-methyltransferase (PNMT), and glutamate decarboxilase (GAD). (B)
Effect of the isthmus on the rostral outgrowth of hindbrain neuronal populations defined as in (A). The bar on the left of each pair shows the average outgrowth
of control cultures of r2-r3 explants alone (Ca, caudal outgrowth; Ro, rostral outgrowth). The bar on the right shows the average outgrowth of cocultures with
isthmus (Ca/I and Ro/I). The n numbers for each data set were: Caudal outgrowth: TrpH (14, 14), substance P (14, 14), PNMT (14, 14), and GAD (15, 15);
Rostral outgrowth: TrpH (15, 15), substance P (16, 16), PNMT (15, 15), and GAD (14, 14).
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other axon tracts which might serve as pioneer tracts for
reticulospinal neurons.
We first set out to analyze the possibility of untoward
effects of the operations in reticulospinal neuron differen-
tiation in the rostral rhombomeres. Immunostaining of stage
21 chick embryos with anti-GAD antibodies which recog-
nize subpopulations of reticular neurons (Parent, 1996) re-
vealed predominantly longitudinal projections in the rostral
end of the hindbrain, including strong immunostaining in
the MLF. At this stage, only reticulospinal neurons are
known to project into the MLF (Glover and Petursdottir,
1991). GAD-positive somata were observed in the basal
plate of r2–r4 aligned transversely relative to the long axis
of the hindbrain (Fig. 8A). This array is reminiscent of
retrogradely labeled reticulospinal neurons. Ascending pro-
jections from the caudal end of the hindbrain were also
detected lateral to the MLF with morphologically distin-
guishable growth cones (Fig. 8C). Overall, GAD immuno-
staining of control embryos revealed neuronal somata and
longitudinal axons in the MLF that appear to correspond to
reticulospinal neurons and ascending lateral axons from the
caudal rhombomeres. In contrast, immunostaining of r1–r2
transected embryos incubated to reach stage 21 revealed
GAD-positive neurons in the basal plate of r2 and r3 in
numbers similar to those found in control embryos (Fig. 8D
and F) but in noticeable disarray and with their short axons
Fig. 7. Hindbrain reticulospinal neurons fail to project in the absence of isthmus-derived signals. The neural tube of stage 12 chick embryos was sectioned
in ovo at one of three axial levels to assess the effect of the isthmus in reticulospinal neuron caudal projection. After the operation, the eggs were sealed and
incubated for 2 more days when retrograde labeling of reticulospinal neurons and trigeminal motor neurons was performed. (A) Diagram of a flat-mounted
chick hindbrain shown with blue horizontal lines at the axial levels where the neural tube was sectioned in ovo. Although the labeling was done in stage 12
embryos, the levels at which the cuts were made are shown in an older embryo. In control operations, the cut was made just rostral to the midbrain (rMb-cut).
In the experimental operations, the cut was made at the r1-r2 boundary, separating the isthmus and r1 from the rest of the hindbrain (r1-2-cut) or rostral to
the isthmus but caudal to the interstitial nucleus of Cajal (INC) (cMb-cut). Green arrowheads indicate the point where FITC–dextran was applied to label
retrogradely the reticulospinal neurons, which are also shown in green. The diagram shows cells labeled from the MLF on the left for simplicity. The INC
and the rostral, bulbar, and vagal clusters are shown (Glover and Petursdottir, 1991). The red arrowhead indicates the point where rhodamine–dextran was
applied to label the trigeminal motor nucleus (mV), which is also shown in red spanning r2 and r3. Other abbreviations as in Fig. 1. (B) Control operation
with the cut at the rostral midbrain (rMb-cut). Both reticulospinal neurons and the trigeminal motor nucleus appear normal. (C) Experimental operation with
the cut at the r1-r2 boundary (r1-2-cut). Reticulospinal neurons fail to be labeled in r2-r3, but the trigeminal motor nucleus appears normal. The boxed area
in r4 is shown in (D) at a higher magnification and with the contrast enhanced to show some labeled cells which lack the normal organization seen in control
embryos. (E) Control operation with the cut rostral to the isthmus and caudal to the interstitial nucleus of Cajal (cMb-cut). Reticulospinal neurons appear
normal, but their number is smaller relative to controls. (F) Effect of neural tube transections in reticulospinal projection. Retrograde labeled reticulospinal
neurons were counted in r2, r3, and r4 for each of the transections performed. N numbers for each transection were: rMb-cut, 6; r1-2-cut, 7; cMb-cut, 7. Scale
bars (B, C, E), 500 m.
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projecting aberrantly in several directions (Fig. 8B). Axons
with sharp turns, lateral or ascending projections, not de-
tected in control embryos were also observed in operated
embryos. Some axons projected for short distances into the
region normally occupied by the MLF in control embryos,
but no continuous axonal tract was formed in the MLF in
r2–r4. The lateral ascending projections form the caudal
rhombomeres were observed to reach the rostral end of the
transected hindbrain (Fig. 8E). Thus, these results suggest
that reticulospinal neurons differentiate in normal numbers
in r2 and r3 in the r1–r2 transected embryos but fail to
follow their normal pathway in the absence influences from
the neuroepithelium rostral to r2. These results also revealed
that ascending axons from the caudal rhombomeres do not
require rostral signals from r1 or the isthmus to follow their
ascending path up to r2.
In parallel studies, we have found that, among reticu-
lospinal neurons, 15% of all ipsilateral and 40% of all
contralateral neurons are stained with an antibody that rec-
ognizes the Lhx1 and Lhx2 transcription factors, while a
different population of ipsilateral neurons (20%) expresses
Lhx3 (A.C.C.-N. J. Glover, S.L. Pfaff, and A.V.-E., unpub-
lished observations). To assess the effect of the r1–r2 tran-
sections in the generation of neuronal populations that in-
clude subsets of reticulospinal neurons, we performed in
situ hybridization analysis for Lhx1 and Lhx3 in r1–r2
transected embryos and found their expression patterns to
be undistinguishable from unoperated embryos (Fig. 8G–J).
These results suggest that reticulospinal differentiation is
not likely to be affected by r1–r2 transections. As an addi-
tional test for normal neuronal differentiation in the
transected embryos, we examined the neuronal patterning of
the trigeminal motor nucleus, which lies within r2 and r3,
and can be retrogradely labeled from the trigeminal gan-
glion (Fig. 7A). Labeling of embryos sectioned at r1–r2 or
the rostral midbrain revealed normal patterning and axon
projection of the trigeminal nucleus compared with the
nonoperated embryos (Fig. 7B and C; and data not shown).
Fig. 8. Neural tube transections impair the projection of GAD-positive descending axons in the hindbrain but do not affect expression of reticulospinal neuron
and motor neuron markers. Immunostaining was performed in control embryos (A, C) and r1-2-cut (B, E) embryos by using anti-GAD antibodies. Images
in (A) and (B) were obtained by focusing on GAD-positive cell bodies and the MLF. Images in (C) and (E) were obtained from the same specimens shown
in (A) and (B), respectively, but focusing on ascending projections. Arrowheads in (B) indicate discontinuities in longitudinal projections. The numbers of
GAD-positive cells in each half of r2 and r3 in control (D) and r1-2-cut embryos (F) are shown. N numbers were: D, 12; F, 9. In situ hybridization was
performed in rMb-cut (G, I, K) and r1-2-cut (H, J, L) embryos by using probes for Lhx-1 (G, H), Lhx-3 (I, J), and Islet-1 (K, L). r2, r4, and r6 are indicated
in each picture for reference. In (E) and (F), exit points for trigeminal motor axons (mV) are shown. Arrow in (E) indicates the location of a fragment of
the geniculate ganglion (gVII) for anatomical reference. This ganglion is attached to r4, but due to the mounting process, appears at the r4–r5 boundary. Scale
bar in (A) (0.5 mm) also applies to (B), (C), and (E). Bar in (G) (1 mm) also applies to (H–J). Bar in (K) (1 mm) also applies to (L).
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Moreover, in situ hybridization with a probe for Islet-1, a
motor neuron marker (Tsuchida et al., 1994; Varela-Echa-
varria et al., 1996), revealed a normal distribution of devel-
oping motor neurons in embryos sectioned at r1–r2 or the
rostral midbrain (controls) (Fig. 8K and L). Together, these
results and those obtained by immunostaining with GAD
antiboides support the idea that sectioning at the r1–r2
boundary does not produce major patterning defects and
that the absence of reticulospinal projection from r2 and r3
is more likely to be a consequence of aberrant axonal
pathfinding. Reticulospinal neurons are likely to differenti-
ate normally but fail to project caudally to the point where
their retrograde labeling can be achieved.
The second possible explanation for our results that we
wish to examine is that the pioneer MLF descending fibers
from the interstitial nucleus of Cajal (INC), located at the
midbrain– diencephalon boundary, provide a substrate for
fasciculated caudal axon growth in the hindbrain. In the
embryos sectioned at the r1–r2 boundary, this descending
tract is severed, which might result in the failure of the
reticulospinal projection. To assess this possibility, opera-
tions were performed in which the caudal midbrain was
sectioned transversely, separating the isthmus and the INC
such that the caudal projection of the latter was severed
without affecting continuity between the isthmus and the
hindbrain (Fig. 7A). In such operated embryos, the caudal
projection of reticulospinal neurons from r2 and r3 was
reduced by approximately 50% and from r4 by 30% (Fig.
7E and F). These experiments show that, in addition to a
diffusible signal from the isthmus that might act directly or
indirectly on hindbrain descending axons, the MLF plays a
critical role in the caudal projection of reticulospinal neu-
rons, perhaps by providing a substrate for descending fas-
ciculated growth.
Discussion
The isthmus is a source of diffusible signals that affect
hindbrain caudally projecting axons
Our in vitro experiments show that caudal outgrowth of
neurons from rostral hindbrain explants was inhibited by
explants from the isthmus. A change in the angle of growth
was observed when the isthmus was placed lateral to the
r2–r3 explants, therefore suggesting a repulsive effect on
caudal axons although a nonpermissive effect remains an
important possibility. This effect appeared to be specific for
caudally projecting serotonergic, substance P-positive, and
GABAergic neurons. The rostral outgrowth of these neuro-
nal types was not inhibited by the isthmus, and for adren-
ergic axons, neither rostral nor caudal growth was affected.
The differential response to the isthmus suggests a specific
effect on caudal axons of raphe (TrpH- and Substance
P-positive) and reticulospinal (GAD-positive) neurons,
while adrenergic neurons are not affected. Our studies sug-
gest then that the isthmus might secrete a component of a
system of signals governing longitudinal pathfinding in the
hindbrain and may be more important for those neurons
which develop closest to the midbrain, in r1, r2, and r3.
Thus, in embryos in which the neural tube was sectioned at
the r1–r2 boundary, caudal projection of reticulospinal neu-
rons was drastically impaired from r2 to r4, but it was
normal from r5. The distance from the isthmus to r5 (ap-
proximately 450 m at the time reticulospinal projection
begins) means that diffusion of molecules from the isthmus
is less likely to operate at this level than at more rostral
levels. Such an action of isthmic-derived signals on the
rostral rhombomeres has been observed in the ability of the
isthmus and FGF8 to inhibit the expression of Hox-a2 in r1
(Irving and Mason, 2000). It should be noted that the sev-
ering of the MLF is also responsible for the drastic reduc-
tion of reticulospinal projection in the r1–r2 transected em-
bryos (see below).
The absence of reticulospinal projection in the r1–r2
transected embryos could also be due to patterning defects
in r2–r4 caused by the absence of the isthmic signals. Fgf8
secreted by the isthmus has been demonstrated to pattern r1,
although its influence might indirectly extend into r2 and r3
(Irving and Mason, 2000). This morphogen, however, does
not appear to signal directly across rhombomeric bound-
aries. Rhombomere transposition studies in chick embryos
have also shown that the identity of rostral rhombomeres is
largely refractory to local changes in environmental signals
unless they are transposed far caudally into the hindbrain
(Grapin-Botton et al., 1997; Guthrie et al., 1992; Itasaki et
al., 1996; Kuratani and Eichele, 1993). For these reasons, it
is unlikely that the identity of the rostral rhombomeres
would change in r1–r2 transected embryos. This is in keep-
ing with the finding that cell bodies immunostained with an
anti-GAD antibody which identified reticulospinal neurons
were found in similar numbers in r2 and r3 in control and
r1–r2 transected embryos. Moreover, no changes were de-
tected in the transected embryos in the patterns of expres-
sion in the hindbrain of Lhx-1 and Lhx-3, which are markers
for subpopulations of reticulospinal neurons. Furthermore,
trigeminal motor neuron differentiation, migration, and
axon guidance were found to occur normally in the r2–r3
territory in r1–r2 transected embryos as in control embryos.
Hence, the absence of reticulospinal projection from r2 to r4
is probably due to the absence of a signal that diffuses from
the isthmus and directly or indirectly affects caudal growth
rather than patterning defects in the operated embryos
which could result in impaired reticulospinal differentiation.
Overall, our results are consistent with a role of the
isthmus in controlling reticulospinal axon projection by
producing diffusible chemorepellent or nonpermissive mol-
ecules which determine the caudal projection of these axons
in the rostral hindbrain. It is also possible that the signal that
emanates from the isthmus activates the guidance system
that governs caudal projection in the rostral end of the
hindbrain.
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Midbrain MLF axons are crucial for hindbrain
reticulospinal projection
Our observations on embryos in which the MLF tract
from the INC was sectioned without disrupting the conti-
nuity between the isthmus and the hindbrain showed that
rostral hindbrain reticulospinal axon projections were re-
duced by approximately 50% in r2 and r3 and by 30% in r4
compared with unoperated controls. This implies that this
axon tract plays an important role in the reticulospinal axon
projection, perhaps by providing a pioneer pathway for
fasciculated axon growth. This also implies that the failure
of the reticulospinal projection of r1–r2 transections is the
compounded effect of the absence of the isthmic-derived
signal and the absence of the pioneer pathway provided by
the MLF. In contrast, however, laser ablation of the INC
equivalent in zebrafish embryos, the mlf nucleus, did not
affect the projection of the hindbrain reticulospinal axons
(Metcalfe and Hatta, 1989). Hence, even though mesence-
phalic MLF axons appear not to be essential for the projec-
tion of hindbrain reticulospinal neurons in zebrafish, in the
avian brain, these axons seem to be critical for sterotypical
reticulospinal pathfinding. This pioneer pathway, however,
is less likely to be involved in the early caudal projection of
other neuronal groups whose axons do not join the MLF and
follow instead lateral descending routes.
Mechanisms of longitudinal axon projection in the
developing CNS
A mechanism for pioneer longitudinal axon pathfinding
might be envisaged to consist of longitudinally restricted
sources of guidance cues distributed along the long axis of
the neural tube followed by the projection of later born
neurons along the pioneer tracts. This idea would predict the
existence of several of these sources due to the length of the
neuraxis and the limited range of action of secreted cues. A
second alternative is that the polarity of growth of pioneer
axons depends on a continuous gradient of diffusible or
anchored axon guidance signals along the rostrocaudal axis.
Our results are in part consistent with the first alternative,
since the evidence obtained from in vitro and in vivo ex-
perimental approaches suggests that the caudal projection of
axons originating in the rostral region of the hindbrain is in
part controlled by signals that diffuse from the midbrain–
hindbrain boundary region. In consonance with this idea is
the finding that the characteristic rostral turning of zebrafish
epiphyseal axons is prevented when these neurons are trans-
planted caudally into the tectum (Kanki and Kuwada, 2000).
It is therefore likely that the projection of pioneer longitu-
dinal tracts in the developing brain is controlled by longi-
tudinally restricted sources of guidance molecules. The ex-
istence of other sources of cues for the guidance of
longitudinal axons in the brainstem is also suggested by the
normal ascending projection of GAD-positive axons and
normal descending projection of reticulospinal axons, both
originating from the caudal rhombomeres in the r1–r2
transected embryos.
Nature of the cues guiding pioneer longitudinal axons
The molecular nature of the axon guidance activity of the
midbrain–hindbrain boundary region or the molecules in-
volved in the fasciculated MLF growth was not determined
in this study. Of the molecules expressed and secreted at the
isthmus, FGF8 is not a likely candidate for the chemore-
pulsive activity since its effect seems to be limited by
rhombomeric boundaries (Irving and Mason, 2000). Wnt-1,
which is known to associate tightly to the extracellular
matrix (Jue et al., 1992; Schryver et al., 1996), is unlikely to
reach r2–r4 as it would be required for the molecule respon-
sible for controlling caudal guidance in this region. Of the
known families of secreted guidance molecules, some mem-
bers of the class 3 semaphorins stand out as potential can-
didates for this activity since their expression and that of
their receptor Npn-2 are consistent with such a role (data not
shown). Future studies of the role of these and other mol-
ecules in guiding axons in the developing brainstem, includ-
ing those of the INC, will allow us to identify components
of the longitudinally restricted guidance systems in the
developing brain. In the hindbrain, we propose that these
signals involve diffusible molecules form the midbrain-
hindbrain boundary region that may act as chemorepellent
or inhibitory signals along with signals anchored in de-
scending midbrain axons that serve as substrate for fascic-
ulated growth.
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